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Determining energy expenditure in a large seabird
using accelerometry
Grace J. Sutton1,2,‡, Lauren P. Angel1,*, John R. Speakman3,4 and John P. Y. Arnould1

ABSTRACT
The trade off between energy gained and expended is the foundation
of understanding how, why and when animals perform any activity.
Based on the concept that animal movements have an energetic cost,
accelerometry is increasingly being used to estimate energy
expenditure. However, validation of accelerometry as an accurate
proxy for field metabolic rate in free-ranging species is limited. In the
present study, Australasian gannets (Morus serrator) from the Pope’s
Eye colony (38°16′42″S 144°41′48″E), south-eastern Australia, were
equipped with GPS and tri-axial accelerometers and dosed with
doubly labelled water (DLW) to measure energy expenditure during
normal behaviour for 3–5 days. The correlation between daily energy
expenditure from the DLW and vectorial dynamic body acceleration
(VeDBA) was high for both a simple correlation and activity-specific
approaches (R2=0.75 and 0.80, respectively). Varying degrees of
success were observed for estimating at-sea metabolic rate from
accelerometry when removing time on land using published energy
expenditure constants (R2=0.02) or activity-specific approaches
(R2=0.42). The predictive capacity of energy expenditure models
for total and at-sea periods was improved by the addition of total
distance travelled and proportion of the sampling period spent at sea
during the night, respectively (R2=0.61–0.82). These results indicate
that accelerometry can be used to estimate daily energy expenditure
in free-ranging gannets and its accuracy may depend on the inclusion
of movement parameters not detected by accelerometry.

KEY WORDS: Doubly labelled water, Tri-axial accelerometry, Field
metabolic rate, Australasian gannet, Morus serrator

INTRODUCTION
Energy is the fundamental currency for all life as it fuels biological
functioning. As there are limits to the rate at which it can be used, the
allocation of energy can have important implications for an
individual’s fitness (McNamara and Houston, 1996). The rate at
which energy is expended and acquired can influence how an

individual invests in life history traits such as reproduction, growth
and survival (Goldstein, 1988). Measuring energy expenditure,
therefore, is of fundamental importance for addressing basic
biological and ecological questions.

Because of logistical constraints, direct measurement of energy
expenditure in free-ranging animals (i.e. field metabolic rate, FMR)
is problematic. To date, the most widely used methods have been the
doubly labelled water (DLW) method (Speakman, 1997) and the
heart rate ( fH) technique (Butler et al., 2004). In addition to
the financial costs restricting sample size, both techniques have
limitations. For instance, the DLW method provides only a single
estimate value averaged over the duration of the study (limited to
24 h to 28 days because of isotope washout rates) and the fH method
requires invasive procedures to implant loggers (Butler et al., 2004).
Furthermore, it is possible that cardiovascular processes unrelated to
energy expenditure may influence the relationship between heart
rate and oxygen consumption and, thus, the fH method requires
additional calibrations prior to using it in field settings (Gleiss et al.,
2011; Green, 2011).

Accelerometers measure movement in gravitational force of up to
three dimensional axes over various temporal scales (Wilson et al.,
2006; Brown et al., 2013). Increasingly, accelerometry is becoming a
popular method of estimating energy expenditure and is based on the
concept that energy must be expended to achieve most movements
(Wilson et al., 2020). Overall dynamic body acceleration (ODBA)
can be used as a proxy for energy expenditure, obtained from the
absolute values of dynamic acceleration (total acceleration minus
static acceleration) summed for all three axes (Wilson et al., 2020;
Shepard et al., 2008). The accelerometer is typically placed on the
centre of the animal’s torso as movement in the limbs and extremities
can still be detected (Wilson et al., 2006). However, in cases where
the device cannot be consistently aligned centrally on the animal’s
torso, vectorial dynamic body acceleration (VeDBA) is a better
proxy for energy expenditure (Gleiss et al., 2011; Qasem et al.,
2012), calculated as the square root of the dynamic acceleration
summed for all three axes.

A strong correlation between ODBA/VeDBA and oxygen
consumption or fH has been demonstrated for a range of species
(mammals, birds, sea turtles) under laboratory conditions (Halsey
et al., 2007, 2009, 2011; Wilson et al., 2006; Fahlman et al., 2008;
Green et al., 2009), indicating accelerometry alone can be a good
proxy for metabolic rate. With the increasing miniaturisation and
improved battery life of data loggers (Rutz and Hays, 2009),
accelerometry has the potential to enable the collection of
behavioural energetics data in free-ranging animals over
biologically meaningful durations (Ropert-Coudert and Wilson,
2005; Brown et al., 2012). Correspondingly, an increasing number of
studies comparing the relationship between energy expenditure
(measured using DLWor fH) and accelerometry have been conducted
on free-ranging species (Sutton et al., 2021; Elliott et al., 2013; Hicks
et al., 2020, 2017; Pagano andWilliams, 2019).Within avian studies,Received 22 October 2023; Accepted 1 November 2023
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these relationships have been determined largely in smaller, aquatic
species with a high proportion of foraging time spent submerged
(Elliott et al., 2013; Ste-Marie et al., 2022; Sutton et al., 2021).
Relatively few studies have investigated these relationships in larger
volant species (Stothart et al., 2016; Brown et al., 2022).
Throughout the world, seabirds are major consumers of marine

biomass and play an important role in determining ecosystem
structure and function (Boyd et al., 2006; Furness and Monaghan,
1987). Anticipated fluctuations in ocean currents and environmental
variability due to climate change are likely to have major impacts on
the distribution and abundance of seabird prey in many parts of the
world (Barbraud et al., 2012). Knowledge of how seabirds apportion
energy to various behaviours, and the factors affecting this, is crucial
to understanding how they may respond to such changes.
Consequently, there is a need for developing and validating widely
applicable techniques capable of determining activity-specific
energy expenditure in these species (Elliott et al., 2013).
The Australasian gannet (Morus serrator), is a large, wide-

ranging pelagic seabird (Nelson, 1978) and an ideal candidate for
determining activity-specific energy expenditure because of the
limited suite of behaviours which are reflected in distinct
accelerometry signals (Ropert-Coudert et al., 2004a). Furthermore,
while gannets display high-energy plunge diving, this behaviour
represents only a small proportion of their at-sea activities, which
include gliding and flapping flight (Angel et al., 2015). The aims of
the present study, therefore, were to determine whether tri-axial
accelerometry can be used to: (1) accurately predict metabolic rate;
and (2) develop activity-specific energy estimates in the Australasian
gannet. The relationship was investigated over two temporal periods,
namely the entire sampling period and the at-sea duration of the
sampling period.

MATERIALS AND METHODS
Study site and animal handling
The study was conducted on 4–10 December 2014 at the Pope’s Eye
Australasian gannet colony (38°16′42″S, 144°41′48″E) in south-
eastern Australia. Adult Morus serrator (Gray, G. R. 1843) raising
young, downy chicks (20–50 days old; Wingham, 1984) were
randomly selected throughout the colony. Adults were captured by
hand at the nest and the chick was covered for protection from
conspecifics during procedures. All animal handling followed
protocols approved by Deakin University Animal Welfare
Committee [A86/2010] and the Department of Sustainability and
Environment Victoria Wildlife Research [Permit 0005745].
Individuals were weighed in a cloth bag by suspension scale
(±25 g, Salter Australia Pty Ltd) before exposed culmen (bill
length), bill depth and tarsus length were measured using Vernier
callipers (±0.1 mm), and total head length was measured using a
slide ruler (±1 mm). Wing chord length could not be measured
because of feather deterioration potentially biasing results (Coulson,
2009) and, hence, the length of the ulna bone (hereafter referred to
as the wing ulna) was measured with a slide ruler (Rising and
Somers, 1989).
To determine the at-sea movements of breeding birds, individuals

were equipped with a GPS data logger (IgotU GT-600, Mobile
Action Technologies Inc., New Taipei City, Taiwan; 26.5 g)
recording location (±10 m) every 2 min. To obtain information on
activity patterns and foraging behaviour (Shepard et al., 2010), all
individuals were also instrumented with a tri-axial accelerometer
data logger (X8, Gulf Coast Data Concepts LLC, Waveland, MS,
USA; 14.12 g) sampling at 25 Hz. Before deployment of loggers, a
bench test was performed to ensure they were functional and

recording on the correct axes within similar ranges (further
information regarding devices and manufacturer testing are
available from figshare: doi:10.6084/m9.figshare.24418762). The
devices were encapsulated in heat shrink plastic (whole package
52.6 g; <3% body mass) and attached with water-proof tape (Tesa®

4651, Beiersdorf AG, Hamburg, Germany) to the central tail
feathers following the methods of Wilson et al. (1997). Device
positioning ensured it was covered by the wings during a plunge
dive in an attempt to reduce initial impact and hydrodynamic drag
(Hamer et al., 2000).

An initial blood sample (0.1 ml) to establish background levels of
2H and 18O (method D of Speakman and Racey, 1987) was collected
by venipuncture of a tarsus vein before individuals were
administered an intraperitoneal injection (1.85±0.03 ml) of DLW
(64.3% 18O and 34.1% 2H). Syringes were weighed before and after
injection to calculate the mass of DLW injected into each bird
(±0.001 g, FX300i milligram balance, A&D Company Ltd). Birds
were returned to their nest for 2–6 h (3.36±0.09 h), allowing for
equilibration of the isotopes with the body water pool, before a
second blood sample was collected. Individuals were then left to
resume normal behaviour, including foraging at sea, for 3–5 days
before being recaptured at the colony, weighed, their devices
removed, and a final blood sample collected. Whole-blood samples
were stored in flame-sealed glass capillary tubes at room
temperature until isotopic analysis 2 months later.

Data processing and statistical analyses
Data obtained from the tri-axial accelerometers were used to visually
assess behaviour in IGOR Pro (version 6.34, WaveMetrics) based on
previous studies of plunge-diving species (Ropert-Coudert et al.,
2004b, 2009; Weimerskirch et al., 2005). Five key behaviours were
identified: flapping flight, gliding flight, resting on the sea surface,
resting on land, and foraging (i.e. diving). The Ethographer package
was used to perform a k-means algorithm clustering analysis (see
Sakamoto et al., 2009) and identify behaviours using an unsupervised
continuous wavelet transformation (1 s window). Each cluster was
assigned a behaviour based on the previous identification. Additional
conditions were applied in the R statistical environment (http://www.
R-project.org/) to identify miss-classification of behaviours produced
by similar movement. For example, travelling speed was used to
separate gliding from resting on the sea surface, while GPS location
was used to discern resting on land from resting at sea. Additionally,
gannets perform both plunge dives and duck dives (Warwick-Evans
et al., 2015; Machovsky-Capuska et al., 2011). Dive type was
determined by whether a gannet was in flight prior to a dive (plunge
dive) or resting on the sea surface (duck dive). The time spent
performing each behaviour during the whole study period was then
calculated to obtain a single value per individual.

All following statistical analyses were performed using the R
statistical environment (http://www.R-project.org/). The downloaded
GPS locations were processed using a speed filter (McConnell et al.,
1992) and summary statistics were calculated using the
adehabitatHR package (Calenge, 2006). Trip parameters indicative
of foraging effort (total distance travelled and trip duration) were
calculated for each foraging trip and summed for the duration of the
study (i.e. from the time of the equilibration blood sample to the final
blood sample).

From the raw tri-axial data, the static (reflecting animal positioning
with respect to gravity) and dynamic acceleration were separated
(Shepard et al., 2008). The dynamic acceleration for each axis,
X (surge), Y (sway) and Z (heave), was then used to calculate dynamic
body acceleration. As devices placed on the back of the bird have a
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high likelihood of being dislodged during the high-speed dives of
gannets, the accelerometer could not be placed in the animal’s centre
of gravity. Thus, VeDBA was used as an estimate of energy
expenditure (Qasem et al., 2012; Gleiss et al., 2011). VeDBA (g) was
calculated as:

VeDBA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2 þ Y 2 þ Z2

p
: ð1Þ

The sum and mean (VeDBAsum, VeDBAmean, respectively) were
calculated for the total sampling period (VeDBAsum-T, VeDBAmean-T)
as well as the at-sea sampling period (VeDBAsum-S, VeDBAmean-S).
Isotope enrichment of blood samples was determined by isotope

ratio mass spectrometry (Optima IRMS and Isochrom μG,
Micromass, Manchester, UK). Specifically, 2H enrichment was
determined by online chromium reduction and 18O enrichment was
determined from the small-sample equilibration technique
(Speakman and Król, 2005). The injectate enrichment was
estimated from the average of five subsample solutions
(consisting of the original injectate diluted with tap water),
processed through mass spectrometry (Speakman, 1997). The
initial total body water pool was determined from the 18O dilution
space using the plateau method (Speakman, 1997). Final total body
water pool was calculated from body mass, assuming the pool
contributed a constant proportion of the total mass of the animal
throughout the study (Lifson and McClintock, 1966). Isotope
enrichment levels were converted into total energy expenditure
(DLWEE; kJ) based on the single pool model and assuming 25%
evaporative water loss (see equation 7.17 of Speakman, 1997).
Daily energy expenditure (DLWDEE; kJ day

−1) for each individual
was calculated by dividing DLWEE by the duration between the
bird’s first and last blood sample.
To assess whether accelerometry on its own can reliably predict

daily energy expenditure in breeding gannets, the relationship
between DLWDEE and VeDBAmean was determined for the total
sampling period modelled using a linear regression. The coefficient
of determination (R2) was used to assess the strength of the
relationship between DLWDEE and VeDBAmean. As this direct
correlative approach does not always reveal a relationship (Elliott
et al., 2013; Jeanniard-du-Dot et al., 2017a), energy expenditure
from VeDBA was also determined through an activity-specific
approach. As outlined in Jeanniard-du-Dot et al. (2017a), VeDBA
values were summed within each behaviour identified through k-
means clustering analysis to determine activity-specific energy
expenditure. To estimate activity-specific energy expenditure, a
linear regression was fitted using the activity-specific VeDBAsum

values for each individual (DLWEE=Tbehaviour(i)+Tbehaviour(ii)…,
where T is time). The parameter estimates were then added into
the following equation:

DLWEE ¼ Cland � Tland þ Cresting � Tresting þ Cflapping

� Tflapping þ Cgliding � Tgliding þ Cplunged

� Tplunged þ Cduckd � Tduckd;

ð2Þ

where Ci is the parameter estimate for the rate of energy expenditure
(kJ) for each activity and Ti is the time spent per activity (h) as
determined from the accelerometry data, for the key activities
resting on land (land), resting at sea (resting), flapping flight
(flapping), gliding flight (gliding), plunge diving (plunged) and
duck diving (duckd). The coefficients were used to predict total
energy expenditure (PredEE, kJ), which was converted to an estimate
of predicted metabolic rate (PredDEE, kJ day

−1).

On-land energy expenditure could not be determined by the DLW
method as there were no individuals that remained on land for the
entire sampling period. Consequently, it was not possible to
calculate at-sea energy expenditure in individuals by deducting
DLWestimates of on-land energy expenditure from the total energy
expenditure for individuals that went to sea, as has been done in
previous studies (Sutton et al., 2021). Instead, two alternative
approaches were investigated for determining on-land energy
expenditure to then be deducted from the total sampling period.
In the first approach (DLWEE-S1, kJ), the activity-specific VeDBA
values were fitted to the energy expenditure estimates derived from
Eqn 2 (i.e.Cbehaviour×Tbehaviour) for land periods and subtracted from
the total energy expenditure measured through the DLW method:

DLWEE-S1 ¼ DLWEE � ðCland � TlandÞ: ð3Þ
In the second approach (DLWEE-S2, kJ), published estimates of on-
land metabolic rates were subtracted from the measured total energy
expenditure. As fH, and consequently energy expenditure, has been
shown to vary between day and night (Green et al., 2013), time spent
on the nest was apportioned into night and day periods at Pope’s Eye
(https://www.timeanddate.com/sun/). The energy expended on land
(DLWEE-land, kJ) was then calculated by the following equation:

DLWEE-land ¼ ð3032:1� Tland-DÞ þ ð1629:1� Tland-NÞ; ð4Þ
where constants were derived from Green et al. (2013) and multiplied
by the time spent on land during the day and the night (Tland-D, Tland-N,
respectively). At-sea energy expenditure (kJ) was then calculated
using the following equation:

DLWEE-S2 ¼ DLWEE � DLWEE-land: ð5Þ
The daily rates of energy expended at sea (DLWDEE-S1 and DLWDEE-

S2, kJ day−1) were then calculated by dividing the values derived from
Eqn 3 and Eqn 5 by the time spent at sea during the study period. The
relationships between DLWDEE-S and VeDBAmean-S were modelled
and the coefficient of determination was used to assess the strength of
the relationship.

To establish whether relationships between energy expenditure
derived from DLW and accelerometry could be improved, linear
models were used to incorporate parameters likely to influence
energy expenditure (i.e. total distance travelled, dive rate, body
mass, proportion of sampled period spent at sea, and tarsus length as
an indication of size). For the at-sea models, the proportion of time
spent at sea during the night was included instead of the proportion
of the sampled period spent at sea. Model selection was conducted
using stepwise (forward and backward) regression using the MASS
package (https://CRAN.R-project.org/package=MASS). All results
are reported as means±s.e.m. unless otherwise stated. Data used in
this study are available in Table S1.

RESULTS
Accelerometer, GPS and DLW data were obtained from a total of 21
birds. However, six loggers failed while individuals were at sea,
resulting in 15 complete sets of DLW and movement data (9 males,
6 females; Table 1). Individuals were sampled for 74.0±5.2 h
(range: 21.3–114.9 h) where they expended 9995±1194 kJ at a rate
of 3172±232 kJ day−1 (Table 2). There were no statistically
significant differences between body mass measured at the
beginning (2.61±0.05) and the end (2.67±0.04) of the
instrumentation period (t14=1.16, P=0.13). Comparison between
the sexes revealed no statistically significant differences in body
mass (Kruskal–Wallis: H1=0.58, P=0.44), foraging trip distance
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(H1=0.06, P=0.81), duration (H1=0.01, P=0.90) and DLWDEE

(H1=0.34, P=0.56), and thus data were combined.
VeDBAmean for each individual across their total sampling period

was 0.33±0.03 g. It was found to be positively correlated with the
daily rate of energy expenditure (DLWDEE, R

2=0.75, F1,13=38.4,
P<0.001; Fig. 1A, Table 3), giving the relationship:

DLWDEE ¼ 7529:6� VeDBAmean þ 709:4: ð6Þ
The most parsimonious model for DLWDEE included total distance
travelled (TD) and VeDBAmean (Table 3). The inclusion of this
parameter increased the predictive strength of the relationship
(R2=0.80, F1,13=23.4, P<0.001; Fig. 1B):

DLWDEE ¼ �1:42� TDþ 7250:38� VeDBAmean

þ 288:19: ð7Þ
Individuals spent 47.6±3.9% of the study period (35.7±4.1 h) at the
colony (Fig. 2). On average, 38.3±5.1 h (range: 7.8–83.3 h) was spent

at sea, during which time 1–5 foraging trips were made, covering a
total distance of 361.8±47.9 km (Table 1; range: 99.3–879.8 km). At
sea, the highest proportion of time was spent resting (34.7±3.6%),
followed by time spent in flight (11.7±1.0% flapping flight, 4.6±0.4%
gliding flight). Diving behaviours comprised only 2.7±0.5% of the
study period, with individuals completing a total of 381±44 plunge
dives (1.7±0.4%) and 408±57 duck dives (1.0±0.1%) at a rate of
2.1±0.2 and 2.2±0.3 dives h−1, respectively (Table 1).

The activity-specific VeDBA values were compared with the
activity estimates determined from DLWEE in Eqn 2 to develop
energy expenditure estimates for each behaviour (Fig. 3). Strong
positive correlations (i.e. R2≥0.80) were found for at-sea resting
(R2=0.91, F1,13 =135.8, P<0.001), resting on land (R2=0.88,
F1,13=95.6, P<0.001), flapping flight (R2=0.87, F1,13=85.5,
P<0.001) and gliding flight (R2=0.80, F1,13=53.3, P<0.001;
Table 3). Weaker but significant correlations were determined for
plunge diving (R2=0.60, F1,13=19.53, P<0.001) and duck diving
(R2=0.57, F1,13=17.1, P<0.001) behaviours (Table 3).

Table 1. Morphometric, movement and dive metrics obtained from Australasian gannets concurrently tracked with GPS and accelerometry

Bird
ID

Mass
(kg)

Bill depth
(mm)

Bill length
(mm)

Total head length
(mm)

Wing ulna
(mm)

Tarsus
(mm)

Total distance
(km)

No. plunge
dives No. duck dives

Total
Per
day Total

Per
day

1 2.68 32.7 88.2 190 207 70.1 217.5 417 2.5 331 2
2 2.48 32.7 93.2 190 202 69.1 224.3 195 1.2 629 3.8
3 2.45 34.0 93.3 187 211 68.0 536.8 429 2.3 254 1.4
4 2.43 33.1 90.7 187 198 67.3 228.7 218 3.4 119 1.9
5 2.65 31.1 90.2 193 206 70.4 373.4 324 2.5 292 2.3
6 2.43 31.0 91.2 189 207 66.5 370.2 641 3.6 422 2.4
7 2.78 32.3 94.5 192 217 70.3 416.5 521 3.1 457 2.8
8 3.03 32.4 90 185 206 70.5 99.3 253 0.5 154 0.3
9 2.60 30.6 89.1 184 207 67.4 499.3 372 2.2 706 4.2
10 2.35 32.1 93.7 192 204 68.4 264.5 559 3.5 414 2.6
11 2.48 32.5 92.4 190 202 65.6 221.3 150 0.1 205 0.2
12 2.50 32.0 88.5 191 201 66.0 336.2 206 1 641 3
13 2.98 33.0 89.3 176 198 68.1 424.5 261 1 110 0.4
14 2.80 34.4 89.3 183 204 50.2 879.8 692 3 733 3.2
15 2.50 32.2 91.6 193 207 64.7 334.7 489 1.9 666 2.6

Table 2. Concurrent measures of energy expenditure from the doubly labelled water (DLW) method and vectorial dynamic body acceleration
(VeDBAmean) for Australasian gannets sampled in the study

Bird ID
No.
trips

Study
duration (h)

Duration at
sea (h) DLWEE (kJ)

DLWDEE

(kJ day−1)
DLWDEE-S1

(kJ day−1)
DLWDEE-S2

(kJ day−1)
VeDBAmean

(g)
VeDBAmean-S

(g)

1 1 70.6 29.9 8800 2991 5495 3851 0.29 0.56
2 3 91.5 28.5 9599 2519 6867 2847 0.29 0.75
3 2 76.4 49.9 12511 3931 6656 4689 0.51 0.69
4 3 69.8 36.6 5768 1982 3786 1413 0.22 0.36
5 1 70.3 33.2 10739 3668 6563 5205 0.36 0.67
6 3 73.3 46 12501 4093 5347 5026 0.39 0.57
7 5 68.4 42.3 11155 3915 5586 4792 0.39 0.57
8 3 21.3 12.5 2630 2965 4972 2924 0.34 0.53
9 3 70.2 7.8 6171 2109 9218 111 0.16 0.74
10 2 68.2 40.3 10235 3604 6342 4348 0.42 0.66
11 2 67.5 33.6 5364 1907 5684 1207 0.28 0.49
12 2 63.8 21.2 6243 2347 5155 2267 0.2 0.46
13 2 90.5 38.3 10294 2730 4992 3050 0.25 0.52
14 2 114.9 70.5 19265 4024 4596 5046 0.33 0.53
15 2 93.3 83.3 18653 4799 5399 5010 0.5 0.53
Mean±s.e.m 74±5.2 38.3±5.1 9995±1194 3172±232 5777±325 3452±422 0.33±0.03 0.58±0.03

Measures of energy expenditure were calculated for the entire sampling period (DLWEE, kJ) and converted to daily energy expenditure (DLWDEE, kJ day−1). To
obtain estimates of energy expenditure at sea, methods using activity-specific and published constants were used (DLWDEE-S1 and DLWDEE-S2, respectively).
VeDBA values were obtained for total (VeDBAmean) and at-sea periods (VeDBAmean-S, g) for appropriate comparison with DLW values.
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Modelling of DLWEE and the predicted total energy expenditure
(PredEE) of the whole sampling period revealed a strong positive
relationship (R2=0.80, F1,13=51.2, P<0.001; Fig. 1C):

DLWEE ¼ 0:89� PredEE � 922:54: ð8Þ

However, estimates which include time on both sides of the
equation are known to result in an overestimated relationship (Ladds
et al., 2017; Halsey, 2017). Therefore, values were converted to
daily energy expenditure (DLWDEE, kJ day−1) and compared with
VeDBAmean (g) to assess relationships without the presence of a
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Fig. 1. Relationships between energy expenditure
calculated using the doubly labelled water method and
accelerometers. Correlations between estimated energy
expenditure derived from the daily, total or at-sea energy
expenditure (DLWDEE, DLWEE or DLWDEE-S1, respectively)
and: mean vectorial dynamic body acceleration
(VeDBAmean; A, R2=0.75); and activity-specific energy
expenditure as predicted through multiple regression
incorporating activity budgets presented as total and daily
rates (PredEE and PredDEE, respectively; C, R2=0.80; and
D, R2=0.60). Removal of time on land revealed
correlations between daily energy expended at sea
(DLWDEE-S1) and mean VeDBA at sea (VeDBAmean-S; E,
R2=0.42). The most parsimonious models for predicting
DLWDEE and DLWDEE-S1 incorporated the predictor
variables total distance travelled (TD) and proportion of
time spent at sea at night (NT) (models B and F,
respectively; B, R2=0.82; and F, R2=0.69). Plots show the
linear regression (solid line) and 95% confidence interval
(shaded).

Table 3. Linear mixed effects model outputs predicting total or daily energy expended (DLWEE and DLWDEE, respectively) and daily rate of energy
expended at sea as calculated through activity-specific equations and published constants (DLWDEE-S1 and DLWDEE-S2, respectively)

Model Response variable Predictor variable Estimate CI P r2

A DLWDEE Intercept 709.4 −188.6–1607.4 0.112 0.75
VeDBAmean 7529.6 4903.2–10155.9 <0.001

B DLWDEE Intercept 288.19 −567.19–1143.57 0.477 0.82
VeDBAmean 7250.38 4986.97–9513.79 <0.001
TD 1.42 0.16–2.67 0.030

C DLWEE Intercept −922.54 −4430.37–2585.29 0.580 0.80
PredEE 0.89 0.62–1.16 <0.001

D DLWDEE Intercept 563.54 −758.88–1885.96 0.374 0.60
PredDEE 0.65 0.33–0.97 0.001

E DLWDEE-S1 Intercept −1755.87 −7182.27–3670.53 0.497 0.42
VeDBAmean-S 13367.70 4078.89–22656.50 0.008

F DLWDEE-S1 Intercept 5071.4 724.3–9418.5 0.02 0.61
VeDBAmean-S 4375.6 −746.7–9497.8 0.08
NT −51.1 −101.5– −0.7 0.05

G DLWDEE-S2 Intercept 2149.0 −3163.6–7461.6 0.398 0.02
VeDBAmean-S 2266.5 −6827.5–11360.5 0.599

The average VeDBA for the duration of the study (VeDBAmean) or the time at sea (VeDBAmean-S) were included as important predictor variable in all models.
Models A, C, D, E and G represent the direct relationships between energy expenditure measured from the DLW method and accelerometry-derived estimates
(i.e. VeDBA and PredEE, presented as total or daily rates) while models B and Fare themost parsimoniousmodels calculated for each relationship, which included
total distance travelled (TD) or proportion of time spent at sea during the night (NT) as predictor variables. Significant P-values are in bold.
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temporal bias. A significant, albeit slightly weaker, relationship
(R2=0.60, F1,13=19.4, P<0.001; Fig. 1D) was observed:

DLWDEE ¼ 0:65� PredDEE þ 563:54: ð9Þ
The mean vectorial dynamic body acceleration of the at-sea period
(VeDBAmean-S) was 0.58±0.03 g (Table 2). As the accelerometry-
derived activity-specific relationships with DLW were strong

(Table 4), at-sea energy expenditure could be estimated. After
subtracting the energy expended relating to land periods from
DLWEE, at-sea daily energy expenditure (DLWDEE-S1) was
calculated to be 5931±562 kJ day−1. This was found to be
positively correlated with VeDBAmean-S (R2=0.42, F1,13=9.7,
P<0.01; Fig. 1E), giving the relationship:

DLWDEE-S1 ¼ 13; 367:7� VeDBAmean-S � 1755:87: ð10Þ
The most parsimonious model for DLWDEE-S1 included the
proportion of time spent at sea during the night (NT) and
VeDBAmean-S (Table 3). The inclusion of this parameter
strengthened the relationship with DLWDEE-S1 (R2=0.61,
F1,13=8.6, P<0.01; Fig. 1F) and gave the relationship:

DLWDEE-S1 ¼ �51:1� NTþ 4375:6� VeDBAmean-S

þ 5071:4: ð11Þ
No association was found between DLWDEE-S2 and VeDBAmean-S

(R2=0.02, F1,13=0.3, P=0.6; Table 3). As such, the relationship was
not further investigated with respect to the influence of additional
parameters.

DISCUSSION
The use of accelerometry to determine behavioural patterns has
become widespread for birds, mammals and fish (Martiskainen
et al., 2009; Whitney et al., 2010; Holland et al., 2009; Bouten et al.,
2013; Tsuda et al., 2006; Watanabe et al., 2005) and is increasingly
being used for estimating trends in energy expenditure across
individuals (Wilson et al., 2006; Green et al., 2009; Halsey et al.,
2011, 2008, 2009; Pagano and Williams, 2019). Recently, some in
situ studies have revealed the importance of species-specific
validations over ecologically meaningful durations (Sutton et al.,
2021; Pagano and Williams, 2019; Hicks et al., 2020; Elliott et al.,
2013; Ste-Marie et al., 2022). In the present study, individuals were
sampled on average for >3 days, encompassing a range of natural
behaviours. While VeDBAmean was significantly correlated to
DLW-derived measures of energy expenditure, models
incorporating total distance travelled and time spent at sea during
the night were found to provide marginally better correlations for
total and at-sea estimates, respectively. These results indicate that
accelerometry-derived indices of movement are effective in
estimating energy expenditure across this sample of free-ranging
Australasian gannets. Furthermore, relationships benefit from the
inclusion of additional metrics that are likely to affect energy
expenditure, but which may be undetected by accelerometers.

Metabolic rate and accelerometry-derived indices of energy
expenditure
Using the DLW method, the present study estimated the daily
energy expenditure of Australasian gannets in early chick rearing to
be 3172 kJ day−1. This value is approximately 30% greater than
previously estimated from fH during the same stage of breeding at
the same study site (Green et al., 2013) but close to the energy
expenditure values from the similarly-sized Cape gannet (Morus
capensis, 3380 kJ day−1) (Adams et al., 1991). While energy
expenditure is known to increase during the breeding season in
gannets, reflecting the rising demands of offspring provisioning and
increasing maintenance costs (Green et al., 2013; Botha and
Pistorius, 2018; Gales and Green, 1990; Chappell et al., 1993), the
differences observed between the present study and the fH estimates
are unlikely to be due to the stage of the breeding season.
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Fig. 2. Variation between individuals in the proportion of time spent
performing the different behaviours. Five key behaviours were identified:
duck diving (dark green), plunge diving (brown), flapping flight (purple),
gliding flight (pink), resting at sea (light green) and resting on land (yellow).
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Alternatively, differences in energy expenditure between the
present and previous studies could potentially be attributed to inter-
annual variation in foraging conditions. Certain environmental
conditions have been shown to impact animal movement and,
therefore, may result in differences in energy expenditure (Bryce
et al., 2022; Fromant et al., 2022). In the present study, individuals
performed twice the number of dives per day compared with the
individuals sampled in Green et al. (2013). While there were no data
to assess prey availability in either study, changes in marine predator
behaviour have been shown to reflect changes in environmental
conditions (Hazen et al., 2019). Indeed, strong inter-annual
fluctuations in foraging conditions for Australasian gannets at the
Pope’s Eye colony have previously been observed (Angel et al.,
2015). Hence, the higher average energy expenditure observed in
the present study could be due to poorer foraging conditions than
experienced by individuals in the Green et al. (2013) study.
The distance and duration of a foraging trip have been positively

correlated with field metabolic rate (FMR) in central place foraging
marine predators (Masden et al., 2010; Ballance et al., 2009). In the
present study, total distance travelled and proportion of time spent at
sea during the night were important predictors of total and at-sea
energy expenditure, respectively. For the total energy expenditure
model, the addition of total distance travelled strengthened the
relationship with VeDBA; this may be because it reflects the overall
amount of movement undertaken. However, for the at-sea period
alone, this was not an important predictor.
Rather, the proportion of time spent at sea during the night was

important in predicting at-sea relationships. As the energy expenditure
of resting on land varies between day and night in gannets (Green et al.,
2013), similar patterns may be present in resting at sea behaviour.
Indeed, Fauchet et al. (2021) demonstrated that time spent preening
was significantly higher during the day. Furthermore, this high-cost
behaviour often occurred after dives, probably in response to plumage
disturbance. As such, the proportion of time at sea during the night was
an important predictor as it may reflect the difference between ‘true’ at-
sea resting and active resting, which is interspersed by short bursts of
energetically costly behaviours (Thiebault et al., 2014a,b).
In laboratory studies, strong relationships (R2=0.81–0.91) have been

observed between energy expenditure and ODBA/VeDBA (Halsey
et al., 2009;Wilson et al., 2006; Butler et al., 2004; Enstipp et al., 2011).
In comparison, there has been varied success in validating energy
expenditure in free-ranging animals. While these studies have
demonstrated positive relationships between DLW and accelerometry,
others have found no relationship. Theweak or unapparent relationships
between energy expenditure- and accelerometery-derived estimatesmay
be due to physiological processes (e.g. thermoregulation, digestion) or
dive-related costs (e.g. hydrodynamic drag and buoyancy) having a
greater influence on energy expenditure than overall dynamic
movement (Dalton et al., 2014; Ste-Marie et al., 2022).

In the present study, the strong correlation between accelerometry
and DLW demonstrates a clear relationship between movement and
energy expenditure in Australasian gannets. The correlations
(R2=0.75–0.86) were analogous to studies that have demonstrated
similar accelerometry–DLW relationships (Pagano and Williams,
2019; Jeanniard-du-Dot et al., 2017a; Sutton et al., 2021). The
slightly lower correlation observed in in situ studies compared with
laboratory studies may reflect the influence of inter-individual
variability and environmental factors on energy expenditure. The
proportion of energy allocated to activity and physiological
processes could influence, or indeed mask, relationships between
DLW and acceleration. Previous studies have demonstrated that
mass is an important factor in energy expenditure relationships, with
individuals of smaller body mass expending energy at a higher rate
(Costa et al., 1986; Jeanniard-du-Dot et al., 2017a; Sutton et al.,
2021; Nagy, 1987). In the present study, body mass along with
measurements of tarsus and bill morphometrics were not retained as
an important factors in any models. However, during the >3 day
study period, multiple foraging trips were conducted and the mass
of individuals may have varied as a result of offspring provisioning.
If the mass of an individual were to vary dramatically, energy
expenditure comparisons may not be valid. For example, a large
change in mass between the beginning and end of a foraging
trip would make the beginning and end accelerometry and
energy expenditure values incomparable. As the present study
investigated between-individual (i.e. population) trends, rather that
within-individual trends, additional handling times to obtain
multiple mass measurements would have been superfluous.
Instead, mass measurements were only taken at the beginning and
end of the data collection period, revealing no significant
differences. This is in line with previous studies suggesting that in
relatively large seabirds, mass changes should be negligible over
short periods (Weimerskirch et al., 2003). Furthermore, given the
small sample size, coupled with the relatively narrow range of
values for body mass and each of the measured morphometric
variables, it is unsurprising that no relationships were detected
between energy expenditure and individual-specific variables in the
present study.

Activity-specific energy expenditure
Variation in the allocation of time towards each behaviour can influence
the trade-off between energy expended and acquired (Jeanniard-du-Dot
et al., 2017b). Understanding the relationship between energy and
specific behaviours allows for inter-individual comparisons to measure
the cost of foraging decisions, which have fitness repercussions (Visser
and Fiksen, 2013; Collins et al., 2016). The concurrent sampling of
accelerometry and DLW in the present study allowed for the calibration
of activity-specific energy expenditure estimates across a range of
behaviours.

Table 4. Parameter estimates and activity-specific energy estimates for the total DLW sampling period

Behaviour Average Cbehaviour (kJ day-1) Average tEE (Cbehaviour×Tbehaviour) (kJ) Linear equation R2

Resting on land 732 1089±159 0.004×VeDBAland−63.9 0.88
Resting at sea 1625 1727±370 0.005×VeDBAresting−588 0.91
Flapping flight 20,082 6694±634 0.005×VeDBAflapping+136.1 0.87
Gliding flight 5658 778±116 0.003×VeDBAgliding+74 0.80
Duck diving 39,869 505±75 0.013×VeDBAduckd+138.2 0.57
Plunge diving 129,312 2694±323 0.042×VeDBAplunged+534.3 0.60

Energy expenditure for each behaviour (total energy expenditure, tEE; mean±s.e.m.) was calculated from DLWEE from incorporated activity-specific parameter
estimates using Eqn 2 (averageCbehaviour), presented as total energy (kJ) expended over the entire foraging period. The linear regression equations were derived
to estimate activity-specific energy expenditure from the accelerometer ethograms. Pearson correlation coefficient (R2) derived from the relationship between the
linear equation and tEE, indicating the accuracy of energy estimates from accelerometry for each behaviour.
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As with previous studies (Elliott et al., 2013; Hicks et al., 2020;
Sutton et al., 2021; Jeanniard-du-Dot et al., 2017a), behaviours
recorded by accelerometry in the present study were found to incur
different energetic costs. The highest energetic costs related to
flapping flight and diving behaviours. This was expected given the
high level of movement undertaken during these activities. Resting
behaviour comprised the greatest proportion of the study period,
during which individuals on land have been observed to preen, tail
wag and defend their nest and offspring from neighbouring
conspecifics. Interestingly, energy expenditure values for at-sea
resting were higher than those for on-land resting. This may be due
to high-cost preening behaviours occurring within this period
(Fauchet et al., 2021). Although it was not possible to quantify
preening behaviour in the current study, it has been shown to incur
high costs and comprise large proportions of at-sea periods in
Australasian gannets (Fauchet et al., 2021) and other seabird species
(Croll and McLaren, 1993; McInnes et al., 2017; Thiebault et al.,
2014a).
While energy expenditure is influenced by movement, costs of

movement can be impacted by environmental conditions (Bryce
et al., 2022). For example, behaviours such as flapping flight may be
influenced by wind speed and direction (Amélineau et al., 2014).
However, as individuals were sampled over the same time period, it
is likely that they experienced similar meso-scale environmental
conditions (i.e. temperature, wind speed). This may have resulted in
strong correlations being observed for resting and flying behaviours.
Energy expended during diving should be affected by dive

characteristics such as duration, depth and underwater movements
(Ropert-Coudert et al., 2009), all of which may have varied
considerably between individuals for both plunge diving and
surface diving. Although plunge diving in gannets involves a high
acceleration rate (up to 7 g) (Yang et al., 2012) and is thought to be
of lower energetic cost because of the effect of gravity (Green et al.,
2010), the present study suggests that it is the most energetically
expensive behaviour. From an optimal foraging perspective,
while diving represents the greatest opportunity for energy gain, it
should also be the least performed because of its associated
energetic costs (Acevedo-Gutiérrez et al., 2002). Correspondingly,
moderate correlations were detected between energy expenditure
and activity-specific VeDBA for both plunge- and duck-diving
behaviours. The greater variation in energy expenditure during
diving periods may be related to variation in the intensity of dive
behaviour in response to prey characteristics. Such variation could
potentially explain the lower correlations with VeDBA derived from
the activity-specific approach observed in both plunge- and duck-
diving events.
Of the two at-sea estimates of energy expenditure, the method

utilising activity budgets to determine on-land energy expenditure (i.e.
DLWDEE-S1) performed better than the method using published values
(i.e. DLWDEE-S2). The results of the present study demonstrated that
resting behaviour, both on land and at sea, is an important component
of daily energy expenditure. While DLWDEE-S1 performed reasonably
well as a result of the ability to account for land costs using activity-
specific equations, the on-land energy constants from published values
used to calculated DLWDEE-S2 were not able to account for inter-
individual variation in on-land energy expenditure. The vast difference
in success of the two methods highlights the importance of validating
indices of energy expenditure and determining the best practices
in estimating energy expenditure. This is especially important
considering the use of published constants is commonplace (Collins
et al., 2016; Ladds et al., 2018; Tatler et al., 2021). The present study
demonstrates that non-invasive proxies of energy expenditure derived

from accelerometry may be more accurate than the use of published
constants to determine estimate energy expenditure.

South-eastern Australia is a region of rapid oceanic warming,
with anticipated changes to the availability of pelagic fish likely
to cause cascading impacts (Crossin et al., 2014; Lough and
Hobday, 2011). Therefore, it is important to understand how
animals in this region interact with their environment and how their
energy expenditure may vary under changing conditions. Energy
expenditure calculated from activity budgets proved to correlate
well with actual energy expenditure. As such behaviours have been
shown to vary in relation to local prey availability in Australasian
gannets (Angel et al., 2015), the results of the present study indicate
accelerometry can also be used to investigate how individuals alter
their energy budgets in response to environmental variability. The
calculated activity-specific coefficients for VeDBA may be useful
to apply to future studies when investigating time–activity budgets.

The reason that the at-sea relationships performed poorly in
comparison to relationships encompassing the total sampling period
may be that the processing of the DLW data generated greater error.
For example, if a variable has 7.5% error associated and half is
subtracted, the effective error increases. Indeed, in the present study,
where animals spent almost 50% of their time at the colony, the R2

values for the at-sea relationship (0.42) was approximately half that
observed between DLW and VeDBAmean of the total sampling
period. It is likely that the comparison between the two proxies, both
with associated error (Speakman, 1997), resulted in a reduced
predictive ability of the at-sea relationships. This should be
considered when attempting to estimate energy expenditure over
shorter durations (i.e. single foraging trips).

In summary, the results of the present study have shown that
accelerometry provides a relatively simple non-invasive method
for estimating energy expenditure in Australasian gannets. The
addition of the movement metrics distance travelled and proportion
of time at sea during the night increased the predictive power of the
total and at-sea models, respectively. While species-specific
validations are still needed, this study provides further evidence
that accelerometry is an accurate proxy of energy expenditure in
seabirds. Expanding on previous studies of shorter duration, the
results of the present study show that the relationship between DLW
and accelerometry is maintained over extended periods. Hence,
accelerometers may provide a relatively inexpensive tool for
enabling large numbers of individuals to be sampled over
ecologically meaningful time scales.
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Adélie penguin Pygoscelis adeliae. J. Avian Biol. 40, 279-288. doi:10.1111/j.
1600-048X.2008.04538.x

Barbraud, C., Rolland, V., Jenouvrier, S., Nevoux, M., Delord, K. and
Weimerskirch, H. (2012). Effects of climate change and fisheries bycatch on
Southern Ocean seabirds: A review. MEPS 454, 285-307. doi:10.3354/
meps09616

Botha, J. A. and Pistorius, P. A. (2018). Variability in the foraging distribution and
diet of cape gannets between the guard and post-guard phases of the breeding
cycle. Front. Mar. Sci. 5, 15. doi:10.3389/fmars.2018.00015

Bouten, W., Baaij, E., Shamoun-Baranes, J. and Camphuysen, K. (2013). A
flexible GPS tracking system for studying bird behaviour at multiple scales.
J. Ornithol. 154, 571-580. doi:10.1007/s10336-012-0908-1

Boyd, I. L., Wanless, S. and Camphuysen, C. J. (2006). Top Predators in Marine
Ecosystems: Their Role in Monitoring and Management. Cambridge University
Press.

Brown, D. D., Lapoint, S. D., Kays, R., Heidrich, W., Kümmeth, F. and Wikelski,
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